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To reduce the size and cost of these scientific facilities, various laser-based advanced acceleration techniques, such as the laser wake-field accelerator (LWFA) [3] [4] [5] and inverse free-electron laser (IFEL) [6] [7] [8] [9] [10] , have been proposed and demonstrated to provide much higher accelerating gradients. While the LWFAs driven by high-power optical lasers (e.g., Ti:Sapphire laser with wavelength around 800 nm) have been extensively studied (see, for example, [11] ), optical IFELs have remained largely undeveloped due in large part to the fact that the synchrotron radiation losses, together with the energy dependent acceleration rate, make it difficult to use IFELs for accelerating beams to TeV energies. However, the recent discovery of the Higgs-like boson at LHC [12, 13] in the more accessible 125 GeV range has renewed interest in the development of a compact electron-positron collider based on the IFEL. Furthermore, IFELs may be particularly suited for compact gamma-ray sources based on inverse Compton scattering (ICS), because the high-power lasers can be used for both the electron acceleration and the ICS interaction [14] [15] [16] .
In an IFEL [6] , the electrons interact resonantly with a collinear high-power laser in an undulator, wherein the alternating magnetic field makes the electrons wiggle in the transverse direction. For a planar undulator, sustained energy exchange between the electrons and the laser is achieved when the resonant condition is met, i.e., ¼ ð1 þ K 2 =2Þ u =2n 2 , where is the laser wavelength, u the undulator period, K the dimensionless undulator strength, n ¼ 1; 3; 5; 7; . . . an odd number, and the relativistic energy of the beam. At the exit of the undulator, an electron's energy changes by E ¼ Rṽ e ÁẼ l , whereṽ e is the transverse velocity of the electron andẼ l is the field of the laser.
In general, the electron bunch length is much longer than the laser wavelength. Therefore, depending on the relative position of an electron in the laser field of a single stage IFEL, some of the electrons will be accelerated while the rest will be decelerated. To reach high energies more efficiently, the undulator is typically tapered such that its period and magnetic field vary in the longitudinal direction to follow the energy change of the accelerated particles. In this case, the resonant condition for the accelerated particles is always met, allowing them to have continuous and effective energy exchange with the laser. However, the rest of the particles, which are outside the accelerating bucket, fall out of resonance and their energy remains essentially unchanged. Based on this ''self-trapping'' mechanism, a single stage IFEL is characterized by limited trapping efficiency and relatively large beam energy spread [10, 17] .
Injection of microbunches in IFELs, in which the electrons are piled up at the laser wavelength to match the periodic accelerating buckets of the optical laser field, would greatly increase the trapping efficiency and reduce the final beam energy spread. The advantage of this cascaded method is illustrated in Fig. 1 where we assume the bandwidth of the undulator is larger than the beam energy spread. In a single stage IFEL, it can be clearly seen that This prebunched beam can be readily prepared using a simple modulator-chicane system [18] (the contrast of the prebunched beam can be enhanced with multicolor prebunchers [19] [20] [21] or multiple modulator-chicane systems [22] ). Injection of microbunches in IFEL has been demonstrated at mid-IR wavelengths (10:6 m) with CO 2 lasers [8, 9] . Cascading at optical wavelengths has been tested in an inverse transition radiation accelerator [23] , but with net energy shift on the order of 1 keV, much smaller than beam energy spread. In this Letter, we report a proof-of-principle demonstration of a cascaded IFEL at optical wavelengths ( ¼ 800 nm), a spectral region where high-power lasers are widely available. In this experiment, the electron beam is first packed into optical microbunches with a low intensity laser, and injection of these precisely prepared microbunches into the second undulator with a high intensity laser allows net acceleration or deceleration of the beam, depending on the relative phase of the two laser pulses.
The schematic layout of the experiment carried out at SLAC's Next Linear Collider Test Accelerator (NLCTA) [24, 25] is shown in Fig. 2 . The electron beam with $20 pC charge is generated in a 1.6 cell S-band (2.856 GHz rf frequency) photocathode rf gun with a UV laser (1 ps FWHM) and further accelerated to 120 MeV with X-band (11.424 GHz rf frequency) linac structures. The main elements of the beam line consist of two chicanes (C1 and C2), two undulators (U1 and U2), and one energy bend spectrometer.
As illustrated in Fig. 2 , a Ti:Sapphire laser (1 ps FWHM) with central wavelength at 800 nm is split into two pulses with a beam splitter (BS) with 25%=75% ratio. Chicane C1 is used to generate an orbit bump to allow injection of the first laser pulse (low intensity, $80 J) into the first undulator U1 (10 periods with a period of 3.3 cm and a K value of 1.82) where the laser interacts with the electron beam to imprint a sinusoidal energy modulation. Chicane C2 is used to convert the energy modulation into a density modulation such that the beam is transformed to optical microbunches equally separated at the laser wavelength [18] . The second laser pulse (high intensity, $250 J) then interacts with the optical microbunches in U2 (10 periods with a period of 5.5 cm and a K value of 2.76) to produce a significant net energy shift, which is directly measured with a yttrium aluminum garnet (YAG) screen downstream of the energy spectrometer. It should be pointed out that U2 is resonant at 2:4 m, so the beam energy change in U2 is from the third harmonic interaction between the electron beam and the 800 nm laser.
In this experiment, velocity bunching [26] was used to reduce the electron bunch duration to about 0.5 ps (FWHM). This minimizes the global beam energy spread (about 20 keV FWHM) after it is accelerated in the linac structure. Furthermore, by making the beam much shorter than the laser pulse, most of the particles experience approximately the same peak energy modulation amplitude, which is critical both for the generation of uniform optical microbunches and for the measurement of net energy change. With quadrupole magnets (not shown) upstream of the energy spectrometer set to minimize the horizontal beta function at the YAG screen (with a dispersion of 1.5 m), the optimized beam energy distribution (energy deviation with respect to the average beam energy) measured at the YAG screen is shown in Fig. 3(a) . The distribution has a sharp edge on the right side (corresponding to the on-crest particles with the highest energy) and a short tail on the left (corresponding to the off-crest particles). From the sharp edge, the energy resolution in our measurement is estimated to be approximately 7 keV.
Following the procedures described in [24, 25] , the laser pulses are made to overlap with the electron beam both in time and space. With the first laser pulse blocked, the beam energy distribution from the second laser pulse has a double-horn shape, as shown in Fig. 3(c) . This shape can only be obtained when the transverse electron beam size ( e % 100 m) is smaller than the laser spot size ( l % 800 m), and when the electron bunch length is shorter than the laser pulse length such that the modulation amplitude is roughly uniform across the whole bunch [27] . Because the electron beam is uniformly distributed across the laser bucket, half of the particles are accelerated while the other half are decelerated. This, together with the rf curvature, results in a double-horn shape in beam energy distribution with the low-energy horn slightly larger than the high-energy horn. The separation of the two horns equals approximately twice the peak energy modulation which is found to be about 200 keV, in good agreement with that obtained with an analytical formula [28] .
The first laser is then unblocked, and its intensity is finely adjusted with a polarizer to produce the optimal energy modulation (about 13 keV in this experiment with the momentum compaction of chicane C2 set to R 56 ¼ 1:8 mm) for shaping the beam into optical microbunches. The presence of optical microbunches is evident by observing the coherent emission of the undulator radiation in U2 with the second laser blocked [24, 25] . With both lasers unblocked, the resulting beam energy distribution shows large shot-to-shot fluctuations in the amplitude of the two energy horns. Depending on the relative phase of the two laser modulations imprinted on the beam, the beam is either net accelerated [ Fig. 3(d) ] or net decelerated [ Fig. 3(e) ]. It can be clearly seen that, compared to the single stage IFEL case in Fig. 3(c) , the cascaded IFEL setup shown in Figs. 3(d) and 3(e) results in more particles experiencing approximately the net energy shift from the second laser pulse.
It should be pointed out that while the two laser pulses originate from the same source and, therefore, are naturally locked in phase, shot-to-shot fluctuations in beam energy result in variations in beam arrival time in U2, which modifies the relative phase of the laser modulations. Additional timing jitter between the two laser pulses could be caused by vibrations of the mirrors for laser transport as well, but this is estimated to be much smaller than the laser wavelength. In this experiment, the dominant timing jitter is from the 4 Â 10 À4 beam energy jitter, which translates to an rms temporal jitter of about 2.4 fs after passing through C2 (the path length in C2 is energy dependent). With the timing jitter comparable to the laser wavelength, random fluctuations in the relative phase of the laser modulations are expected. Given this energy jitter level, locking the phase of the laser modulations would require one to reduce the R 56 of chicane C2 by one order of magnitude, for which case the laser modulation from the first laser needs to be accordingly increased by one order of magnitude to produce optical microbunches. This would make the energy modulation from the first laser comparable to that from the second laser (limited by the available laser energy in our experiment), hindering clear demonstration of net energy shift in the cascaded IFEL setup. Nevertheless, in an ideal cascaded IFEL where a high power laser [> TeraWatt (TW)] would be used to significantly boost the beam energy in the second stage (for instance, a 20 TW laser may accelerate an electron beam to 1 GeV in a 1 m long undulator [17] ), producing a slightly larger modulation in the first stage to reduce the beam timing jitter for phase locking is necessary and acceptable.
For convenience of comparison, the measured energy distributions in Fig. 3 are projected in Fig. 4(a) where the advantage of cascading is clearly seen. The large asymmetry in beam energy distributions from the net shifted electrons [green dashed and magenta dashed-dotted lines in Fig. 4(a) ] demonstrate the potential for improved monoenergetic beams in cascaded IFELs. The experimental results are found to be in excellent agreement with simulations [ Fig. 4(b) ] using realistic beam and laser parameters. In fact, not only are the general shapes of the experimentally measured beam distributions in the two scenarios quite similar to those obtained in simulation, the fine structures are also well reproduced. For instance, the measured beam energy distribution for the net deceleration case [magenta dashed-dotted line in Fig. 4(a) ] has two local peaks around ÁE ¼ 200 keV. This shape is also seen in simulation [magenta dashed-dotted line in Fig. 4(b) ].
The beam longitudinal phase space at the exit of the linac structure used in the simulation is shown in Fig. 5(a) . The electron bunch length (FWHM) is assumed to be 0.5 ps, and the nonlinear curvature from the varying rf phase along the bunch is taken into account. The energy modulation from the second laser is assumed to be 220 keV, following the value from analytical formulas using the measured laser parameters. With only the second laser on, the longitudinal phase space is illustrated in Fig. 5(b) and shows the double-horn projected energy distribution [red squares in Fig. 4(b) ]. With the first laser also on and generating a 13 keV modulation, the longitudinal phase spaces corresponding to the net acceleration and net deceleration cases are shown in Figs. 5(c) and 5(d), respectively.
In Figs. 5(c) and 5(d) , it can be clearly seen that injection of optical microbunches allows many more particles to receive a similar energy shift, compared to those in a single stage IFEL. We also point out the ''W'' and ''M'' shapes that appear in the distributions in Figs. 5(c) and 5(d). Analysis indicates that this structure is due to the nonlinear energy chirp in the beam longitudinal phase space [ Fig. 5(a) ]. The energy chirp (correlation between energy and longitudinal position) of the beam together with the momentum compaction of chicane C2 shifts the laser modulation wavelength to 1 ¼ =C, where C is the compression factor of the chicane [29] . Looking at Fig. 5(d) as an example, the wavelength shift results in a small phase shift (a few nm per laser cycle) between the two laser modulations, and after about 100 optical cycles the modulation accumulates a phase shift that gives the optical microbunches around z % AE80 m net acceleration (note the optical microbunches around z ¼ 0 are net decelerated). When projected to the energy space, these net accelerated particles lead to the additional peak around ÁE ¼ 180 keV, as observed both in experiment and simulation (magenta dashed-dotted lines in Fig. 4 ). After accumulating another phase shift, the optical microbunches around z % AE120 m are net decelerated. Note, the quadratic energy chirp results in larger compression factors at larger z which speeds up the phase shift for particles farther away from the reference particle such that only 50 cycles are needed to accumulate the second phase shift. This time-dependent phase shift gives the W and M shapes in the beam longitudinal phase spaces shown in Figs. 5(c) and 5(d).
In summary, we have presented the first experimental demonstration of a cascaded IFEL at optical wavelengths. We have shown that injection of precisely prepared optical microbunches allows net acceleration or deceleration of the beam in an IFEL, depending on the relative phase of the two laser modulations. While the net energy shift in our experiment is $200 keV, much smaller than the beam energy (limited by the available laser energy in our experiment), it is an order of magnitude larger than the global beam energy spread, (and two orders of magnitude larger than the slice energy spread) and, thus, ideal for demonstrating both the fundamental physics and key advantages of cascaded optical IFELs. In this experiment, the beam is accelerated via the third harmonic interaction, which in principle allows one to lower the required beam energy for injection into an IFEL, promising further reductions in the size and cost of such advanced accelerators. The experimental results are in excellent agreement with simulations, particularly in the observed phase shift of the modulations from the nonlinear energy chirp. The demonstrated technique paves the way for generating high quality electron beams with a narrow energy spread in direct laser accelerators (not limited to IFELs) driven by high-power optical lasers, and marks an important step towards more compact and affordable particle accelerators. 
